One sentence summary: The study evaluated the difference in microbiota between saliva-derived biofilms developed on different substrates, or in different media, which would benefit selections of substrates or growth media in caries studies.
INTRODUCTION
Dental caries has been emerged as a major public health problem across the world. The World Health Organization (WHO) emphasized that dental caries affected about 60%-90% of schoolchildren and the vast majority of adults (Petersen et al. 2005; Petersen and Ogawa 2016) . The widely accepted ecological hypothesis of cariogenicity considers dental caries as a result of microecological dysbiosis in dental biofilm (Marsh 2003; Takahashi 2015; Teng et al. 2015; Johansson et al. 2016) . In dental caries research, therefore, saliva-derived biofilm is regarded as a dental plaque microcosms in vitro (McBain 2009) , since saliva contains most of the bacteria in dental plaque. To develop salivaderived biofilm, closed system has been usually used because of the following advantages: better repeatability, less contamination, less cost and high throughput (Cheng et al. 2011; Zhou et al. 2013; Li et al. 2014) .
Two of key points in developing saliva-derived biofilm in vitro are substrate and growth medium. Saliva-derived biofilm has been usually formed in different substrates, such as hydroxyapatite (HA) disk and glass disk (Xie, Li and Zhou 2008) . As the main component of dental enamel, HA has usually been used to test the interactions between saliva-derived biofilm and enamel (Guggenheim et al. 2001; Xiao et al. 2007 ). On the other hand, glass disk has been also widely used because it is easy to test the biofilm by the optical instruments such as fluorescence microscope (Exterkate, Crielaard and Ten Cate 2010; Cheng et al. 2011; Huang et al. 2012a) . A modified artificial saliva medium with cysteine and 0.2% (w/v) sucrose supplement is widely used as growth medium in saliva-derived biofilm formation (Ledder et al. 2010; Cheng et al. 2011; Zhou et al. 2013) . On the other hand, SHI medium, as another growth medium for saliva-derived biofilm, is capable of supporting a diversified oral microbial community in vitro (Tian et al. 2010; Edlund et al. 2013) . However, no investigation has compared the effect of the two substrates and growth media on saliva-derived biofilm microbial community, especially by using 16S rRNA gene sequencing strategy.
Here, we take the advantage of 16S rRNA gene sequencing to investigate the differences of saliva-derived biofilms formed on two substrates (HA and glass) or different media (a modified artificial saliva medium with cysteine and SHI medium) in microbial community.
MATERIALS AND METHODS

Saliva and dental plaque collection
The study was authorized by the Ethical Committee of Sichuan University (Chengdu, China). The human unstimulated saliva was collected from a healthy adult donor who has natural dentition without periodontitis or active caries, and without the use of antibiotics in the last 3 months described previously (Cheng et al. 2012; Huang, Exterkate and ten Cate 2012b; Zhou et al. 2013; Li et al. 2014) . The donor was demanded not to brush teeth for 24 h and abstain from food/drink intake for 2 h prior to donating saliva. The saliva was then diluted in sterile glycerol (final concentration 30%). Dental plaque on lingual surface of lower first molars of the same donor was collected in the Tris-EDTA buffer solution. The dental plaque and mixture of saliva and glycerol were stored at -80
• C.
Biofilm formation
Saliva-derived biofilms were formed in a high-throughput active attachment biofilm model as previously described (Exterkate, Crielaard and Ten Cate 2010) . Briefly, one glass/HA disk was put into one well of a polystyrene 24-well flat-bottomed microtiter plate, containing 1.5 ml of the growth medium. The composition of both media can be found in supplementary materials (Tian et al. 2010; Huang, Exterkate and ten Cate 2012b) . The salivaglycerol stock was seeded (1: 50 final dilution) into the microtiter plates and incubated at 37
• C for 72 h anaerobically. Every 12 h, the biofilms were rinsed with phosphate-buffered saline to remove loose bacteria (Zhou et al. 2013; Li et al. 2014) , followed by refreshing growth medium. Six duplicates of the biofilms were tested in a given situation.
16S rRNA gene sequencing
The saliva-derived biofilms samples were subjected to Majorbio (Shanghai, China) where the total DNA was isolated, amplified and sequenced according to their standard procedures (Zhu et al. 2015; Wang et al. 2016; Yin et al. 2016) . In brief, microbial DNA was extracted from the saliva-derived biofilms by using the E.Z.N.A. R Soil DNA Kit (Omega Bio-tek) according to manufacturer's protocols. DNA concentration was assessed by a Nanodrop (Thermo Scientific) and quality was determined by agarose gel electrophoresis. Using 515F 907R barcoded primers, the variable region 4 and 5 (V4-V5) of bacterial 16S rRNA genes was amplified by PCR. PCR reactions were performed in triplicate 20 μL mixture containing 4 μL of 5 × FastPfu Buffer, 2 μL of 2.5 mM dNTPs, 0.8 μL of each primer (5 μM), 0.4 μL of FastPfu Polymerase and 10 ng of template DNA. The amplicons were then extracted from 2% agarose gels and further purified by using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences) and quantified by QuantiFluor -ST (Promega). Purified amplicons were pooled in equimolar and paired-end sequenced (2 × 300) on an Illumina MiSeq platform according to the instruction. The raw reads were deposited into the NCBI Sequence Read Archive (SRA) database (Accession Number: SRP092150).
Bioinformatics and statistical analysis
Raw fastq files were demultiplexed and quality-filtered by QI-IME (version 1.9.1) (Caporaso et al. 2010) . Operational Taxonomic Units (OTUs) were clustered with 98.5% similarity cutoff using UPARSE (version 7.1). The taxonomy of each 16S rRNA gene sequence was analyzed by Ribosomal Database Project Classifier (Cole et al. 2005) (http://rdp.cme.msu.edu/) against the Human Oral Microbiome Database with confidence threshold of 70% (Dewhirst et al. 2010) . Alpha diversity indices (Shannon index, Simpson index) (Chao, Lee and Jeng 1992) and richness estimators (ACE index and Chao index) (Chao and Shen 2003) calculations were performed using Mothur v.1.30.2. Phylogenetic beta diversity measures such as the unweighted UniFrac distance metrics analysis was determined using the represent sequences of OTUs for each sample, and principal component analysis (PCA) was conducted according to the distance matrices. LEfSe (linear discriminant analysis [LDA] coupled with effect size measurements) analysis was conducted to calculate the biomarkers between the groups. With a normalized relative abundance matrix, LEfSe showed taxa with significantly different abundances and LDA estimated the effect size of the feature (Ling et al. 2016; Wang et al. 2016) . In this study, a P value threshold of 0.05 (Wilcoxon rank-sum test) and an effect size threshold of 2 were used for all biomarkers discussed. To explore the functional profiles of our bacterial community data set, we used a bioinformatics tool that predicts gene family abundances based on 16S gene surveys, given a database of phylogenetically referenced genomes (PICRUSt, Phylogenetic Investigation of Communities by Reconstruction of Unobserved States) (Langille et al. 2013) . OTUs are picked using a closed-reference OTU picking protocol (QIIME 1.9.1) against the Greengenes database pre-clustered at 70% identify. The obtained OUT table was normalized by 16S rRNA copy number, and metagenomes were predicted from the clusters of orthologous groups (COGs) (Loudon et al. 2014; Thompson et al. 2015) .
The data of donor and dental plaque samples were not involved in any statistical analysis. The other data subjected to non-parametric Kruskal-Wallis analysis. Differences were considered significant when P < 0.05. Software SPSS21.0 (SPSS Inc., Chicago, IL, USA) was operated for statistical analysis. Kruskal-Wallis test was used to compare the significant difference. A P-value of <0.05 was considered statistically significant. Plot of PCA of the saliva, dental plaque and MG, MH, SG, SH groups based on the distance matrices (F). PC1 and PC2 explained 90.66% of the total variability.
RESULTS
The saliva-derived biofilms forming on glass and HA were similar A total of 203 OTUs and 126 OTUs were obtained from saliva and dental plaque of the donor, respectively. Majority of the OTUs from the donor saliva were maintained by the saliva-derived biofilms forming on both HA and glass substrates. The abundance of OTUs, ACE index, Chao index, Shannon index and Simpson index from the saliva-derived biofilms on HA were not different from that on glass cultured in a modified artificial saliva medium with cysteine or SHI medium significantly (Fig. 1A-E) . The PCA showed that biofilms developed in a modified artificial saliva medium with cysteine on glass substrate (MG biofilms) and the biofilms in a modified artificial saliva medium with cysteine on HA substrate (MH biofilms) clustered together, the biofilms grown in SHI medium on glass substrate (SG biofilms) and the biofilms grown in SHI medium on HA substrate (SH biofilms) clustered together. However, dental plaque did not cluster with any biofilms closely (Fig. 1F) . We then evaluated the microbial profiles of the biofilms on HA (HA biofilms) and glass (glass biofilms). They shared the same two dominant phyla, three dominant classes, four dominant families and six dominant genera when cultured in a modified artificial saliva medium with cysteine. The dominant genus (median of relative abundances > 1%) of them were Lactococcus, Lysinibacillus, Bacillus, Pseudomonas, Streptococcus and Kocuria. The relative abundances of Betaproteobacteria o unclassified, Betaproteobacteria f unclassified, Betaproteobacteria g unclassified, Neisseriaceae, Neisseriales and Porphyromonadaceae were significantly different between HA biofilms on glass biofilms ( Fig. 2A and B) . However, these bacteria were in a low relative abundance (no more than 0.5%). When SHI medium was used, the similarity between the HA biofilms and glass biofilms did not changed. They shared the same two dominant phyla, four dominant families. Lactococcus, Streptococcus, Lactobacillus, Veillonella, Lysinibacillus and Bacillus were the dominant genera of glass biofilms, while HA biofilms' dominant genus were same as glass biofilms', except for Bacillus (median of relative abundances = 0.821%). Although Peptostreptococcaceae XI G 1 , Flavobacteriia, Peptostreptococcaceae XI , Cupriavidus, Flavobacteriaceae, Flavobacteriales, Capnocytophaga, Porphyromonadaceae, Fusobacteriaceae, Fusobacterium, Fusobacteriales, Fusobacteriia, Fusobacteria and Bacteroidetes were found to be more abundant in glass biofilms ( Fig. 2C and D) , the relative abundances of them were also <0.5%.
Biofilms developed in different media exhibited distinct microbial communities
Since the substrates had no effect on microbial community, we further evaluated the effect of the growth media using glass biofilms. When comparing the richness, OTUs, ACE index and Chao index were not significantly different between MG biofilms and SG biofilms (Fig. 1A-C) . However, saliva-derived biofilms cultured in SHI medium were significantly higher than those cultured in the modified artificial saliva medium with cysteine regarding diversity evaluation (Shannon index P = 0.004 and Simpson index P = 0.002) ( Fig. 1D and E) . The PCA showed that MG biofilms and SG biofilms separated from each other (Fig. 1F) .
The microbial profiles of the biofilms, cultured in a modified artificial saliva medium with cysteine and SHI medium, were analyzed with LEfSe analysis. In phylum level, Actinobacteria and Proteobacteria were more abundant in MG biofilms, while Fusobacteria was more abundant in SG biofilms. In genera level, Acinetobacter, Escherichia, Paenibacillus, Moraxella, Kocuria, Bacillus, Pseudomonas, Cupriavidus , Lysinibacillus and Lactococcus were more abundant in MG biofilms, while Streptococcus, Lactobacillus, Veillonella, Neisseria, Porphyromonas, Gemella, Granulicatella and Leptotrichia were more abundant in SG biofilms (Fig. 3A and B) . Similar difference was also found between SH group and MH group in microbial community structure (Fig. S1 , Supporting Information).
To assess the effects of the two media on the predicted gene categories (COGs), we compared the predicted COGs between MG group and SG group by the Mann-Whitney U test (Fig. 4) . Compared with biofilms cultured in SHI medium, those in a modified artificial saliva medium with cysteine displayed an increased relative abundance of genes linked to RNA processing and modification, energy production and conversion, carbohydrate transport and metabolism, lipid transport and metabolism, transcription, cell motility, secondary metabolites biosynthesis, transport and catabolism, signal transduction mechanisms, and cytoskeleton. A decreased relative abundance of genes linked to cell cycle control, cell division, chromosome partitioning, amino acid transport and metabolism, nucleotide transport and metabolism, coenzyme transport and metabolism, translation, ribosomal structure and biogenesis, replication, recombination and repair, and cell wall/membrane/envelope biogenesis. Similar difference was also found between SH group and MH group (Fig. S2, Supporting Information) .
DISCUSSION
Denaturing gradient gel electrophoresis (DGGE) was widely used to evaluate salivary microbial communities (Ledder et al. 2006 (Ledder et al. , 2010 Tian et al. 2010) . However, DGGE may overestimate or underestimate the abundance of species based on the bands (Sekiguchi et al. 2001; Rettedal, Clay and Brozel 2010) . It is only able to represent a few numerically dominant phenotypes with apparent overestimation of their relative abundance in microbial communities. Pyrosequencing shows more accurate features and details of microbial community than DGGE (Xia and Jia 2014) . In this study, more comprehensive and accurate fingerprints of microbial community were provided by 16S rRNA gene sequencing technique.
Although majority of genus with a high relative abundance in the dental plaque were found in saliva-derived biofilms in vitro, they did not entirely match the dental plaque in community structure (Fig 1F) . The reason for the result might be that dental plaque ecosystem is analogous to fed-batch or open culture, where fluid can flow to provide substrates constantly. While the saliva-derived biofilms were usually cultured in closed system, microorganisms are provided with finite nutrients within an enclosed vessel (McBain 2009 ).
The present research investigated the effect of the biofilm substrates (HA versus glass disk) on saliva-derived biofilm in vitro. Our results confirmed that the saliva-derived biofilms on glass are similar to those on HA based on alpha and beta diversity, and microbial community structure, which were consistent with the previous study on monospecies biofilms (Mulligan, Wilson and Knowles 2003; Valappil et al. 2007 Valappil et al. , 2012 . Only a few bacteria with a low relative abundance (<0.5%) were different between HA biofilms and glass biofilms. These results indicated that the anticaries effects of medicines (such as Galla chinensis) identified from the biofilms on glass may also be efficacious on HA.
The media (a modified artificial saliva medium with cysteine and SHI medium) were presented as the major factor affecting the microbial community of saliva-derived biofilms in vitro. The diversity indices of biofilms in SHI medium were significantly higher than those in the modified artificial saliva medium with cysteine. Because evenness and richness of microbial community were considered into community diversity indices, our results suggested that evener microbial community was built in SHI medium. Saliva-derived biofilms cultured in SHI medium and the modified artificial saliva medium with cysteine were also quite different in view of the community structure. The reason for that may be that SHI medium contains sheep blood (5%), which is able to facilitate the growth of fastidious and slowgrowing, obligate anaerobic bacteria within the oral flora (Tian et al. 2010) , such as Lactobacillus, Veillonella, Porphyromonas, Leptotrichia and Fusobacteriales. These bacteria from biofilms cultured in SHI medium were more abundant than those from biofilms cultured in the modified artificial saliva medium with cysteine. An increased relative abundance of genes linking to cell proliferation and amino acid, nucleotide metabolism was found in SHI medium biofilms, while the abundance of genes linking to metabolism of carbohydrate decreased. Therefore, SHI medium or a modified artificial saliva medium with cysteine must be selected based on the purpose and nature of the research when using saliva-derived biofilms If the microbial community research relies on the high diversity, high abundance of obligate anaerobic bacteria or active metabolism of amino acid and nucleotide, SHI medium could be a good candidate as growth medium. Because of the ability to increase carbohydrate metabolism of saliva-derived biofilms, a modified artificial saliva medium with cysteine can be selected when the study required active carbohydrate metabolism.
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